Dyes containing effluents constitute hazards to the environments and endanger human and aquatic lives. Although activated charcoal has been adjudged the best for adsorption treatment of wastewater, its regeneration and high cost have limited their applications, hence the quest for alternative adsorbent. Magnetic tuned biosorbent was prepared from sorghum husks by in situ co-precipitation of Fe 3 O 4 . It was characterized using Fourier transform infrared spectroscopy, energy-dispersive X-ray spectroscopy and scanning electron microscopy. The biosorbent was then used for the removal of crystal violet (CV) and methylene blue (MB) dyes from aqueous solutions in a batch process. The effects of temperature, initial dye concentration, dosage, contact time as well as pH were investigated, and data obtained were analysed with appropriate kinetic and isotherm models. Response surface method was used for the optimization study of the adsorption using Box-Behnken experimental design. Pseudo-second-order kinetic model was the most appropriate model for both dyes with correlation coefficient (R 2 ) > 0.9 and low % standard error values. The equilibrium data were best fitted with Langmuir isotherm with maximum adsorption capacity (Q max ) of 18.87 and 30.00 mg g −1 for CV and MB, respectively. The thermodynamic parameters for the adsorption processes showed that it was spontaneous, endothermic and random systems with free energy changes less than zero, enthalpy changes ( for MB and CV dyes, respectively. Optimization studies revealed that 95% of the dyes are removable at 1.0 g adsorbent dosage and pH of 4.05 at 50 °C with initial dye concentration of 50 mg L −1 . The prepared adsorbent is cheap, easily recycled and highly effective for the treatment of dye-contaminated water.
Introduction
Increased anthropogenic activities as a result of rapid urbanization and industrialization have led to the increase in environmental pollution with grave consequence in the quality of water available for industrial, agricultural and domestic use. Synthetic dyes and pigments are used extensively industrially and in many other fields of technology, leading to generation of highly coloured waste effluents (Hussein and Scholz 2018) . These effluents are rich in dyes and chemicals, some of which are non-biodegradable and carcinogenic and pose a major threat to health and the environment. Furthermore, addition of synthetic dyes to water even at very low concentration (< 1 ppm) will impact negatively on the colour, which will inevitably affect the aesthetic merit, transparency as well as gas solubility of the water bodies. Reduced light penetration due to the presence of the coloured pollutants will result in the loss of photosynthesis and consequently upset the biological activities of the aquatic system which may lead to the destruction of aquatic species.
Methylene blue and crystal violet are cationic dye with various applications in chemistry, biology, medical science and dyeing industries, and they are highly toxic than other anionic dye (Gao et al. 2016 ). Methylene blue is widely used as hemp, silk fabric, stained paper dyeing, bamboo and wood colouring as well as a chemical agent in printing and dyeing enterprises (Ghosh and Bhattacharyya 2002) ; its adverse effects on human beings include: cyanosis, vomiting, diarrhoea, tachycardia and jaundice (Ait Ahsaine et al. 2018) . Crystal violet is a triphenylmethane dye with poor degradability and carcinogenic inhaled or ingested (Saeed et al. 2010; Ahmad 2009) ; it is widely used in textile industries because of its low cost and high solubility in water (Ait Ahsaine et al. 2018) . Medically, it is used as an antiseptic with a selective action on gram-positive organisms, also for the treatment of burns, boils, carbuncles and mycotic skin infections (Akinola and Umar 2015) .
Dye effluents treatment may be a major task owing to the synthetic origins and aromatic structures of dyes which confers stability and made them to resist biologically degradation. Different methods including anaerobic/aerobic treatment, coagulation/flocculation, oxidation/ozonation, membrane separation and sorption had been applied to dye wastewater treatment. Of all these, adsorption process has proved to be outstanding technique from economical point of view, for colour removal from wastewater considering its initial cost, simplicity of design, ease of operation, insensitive to toxic substances and high removal efficiency (Ozdes et al. 2014; Pathania et al. 2010) .
Activated carbon has been remarkably used for the treatment of dyes-contaminated wastewater due to their large surface area and porosity; however, regeneration and high cost have limited their applications. Agricultural by-products constitute environmental problems due to their availability in large quantity, especially after harvesting; also, their decomposition generates greenhouse gases that contribute to the global climate change. The utilization of agricultural waste as adsorbent in dye removal from wastewater is of great significance, and a number of agricultural waste materials had been studied for the removal of different dyes from aqueous solutions under different operating conditions (Bharathi and Ramesh 2013) . Although the adsorbent from agricultural waste is cheap, the cost of regeneration, loss of adsorbent as well as reduction in adsorption capacity after regeneration are of great concern. In order to circumvent these problems, incorporation of magnetic particle into the adsorbent is hereby proposed; this is expected to produce a hybrid adsorbent with improved regeneration possibilities, significant adsorption capacity and economical feasibility.
This study therefore investigated the use of magnetic supported sorghum husk (MSH) for the effective removal of crystal violet and methylene blue dyes from aqueous solutions in a batch process. The effect of temperature, initial dye concentration, dosage, contact time and pH were investigated. The adsorption kinetic data were analysed using pseudo-first-order and pseudo-second-order kinetics, Elovich and intraparticle models. Equilibrium data were fitted to the Langmuir, Freundlich, Tempkin and Dubinin-Radushkevich isotherm models. Adsorption factors were optimized by Box-Behnken design.
Materials
Methylene blue and crystal violet which are chloride salts of 3,7-bis(dimethylamino)phenothiazin-5-ium and hexamethylpararosaniline ( Fig. 1) with purity of 98% were obtained from Merck laboratory, India. Iron(III) chloride hexahydrate (99% FeCl 3 ·6H 2 O) and iron(II) chloride tetrahydrate (99% FeCl 2 ·4H 2 O) (AR grade) were products of Sigma-Aldrich. Hydrochloric acid and sodium hydroxide were procured from BDH, London. Other reagents were of analytical grade, and doubly distilled water was used for all of the experiments.
Preparation of the adsorbent
Sorghum husks (SHs) were obtained from a local farm at Odeda, Ogun State, Nigeria, the husks were washed under running tap to remove dirt and other impurities. The biomass was air-dried followed by oven-drying at temperature of 60 °C for 6 h. The dried biomass was pulverized and sieved to obtain powder with particle sizes less than 250 μm. The powder was then preserved in air-tight container until needed.
Magnetic modification of the adsorbent
A suspension containing 5.0 g of sorghum husk powder in 40 cm 3 of distilled water was prepared, and 20 cm 3 of 2 M urea solution was added into the mixture as stabilizer under continuous stirring. Solutions containing 20 cm 3 each of ferric chloride and ferrous chloride in ratio 2:1 molar concentration were added, the mixture was continuously stirred for 60 min, and then 20 ml of aqueous ammonia was added to adjust the pH to 11. The mixture was finally centrifuged, washed with deionized water and dried at 105 °C in a vacuum oven.
Characterization
The modified and unmodified adsorbents used after adsorption of dyes were characterized with Fourier transform infrared (FTIR) spectroscopy spectrophotometer (Bruker Tensor 27) in KBr pellets spectra in a range from 4000 to 400 cm 
Preparations of aqueous solution of the dye
Stock solution of the dyes was prepared by dissolving accurately weighed solute ( Fig. 1) such that the solution contained 1 g equivalent of the dyes in 1 dm 3 distilled water, and working standard solutions were then prepared from these stocks by dilution. The pH of the working solutions was adjusted with aliquot of HCl or NaOH prior to the adsorption study.
Adsorption studies
The batch equilibrium and kinetics adsorption studies were conducted in process in Erlenmeyer flasks containing 25 cm 3 of dye solutions with concentration range between 50 and 200 mg dm −3 and 0.1 g of the adsorbents. The contents were placed in a regulated water bath (30 ± 1 °C) with shaker at 150 rpm, and samples were collected at pre-set time intervals. The dye concentrations in aqueous media were determined after the adsorbent was removed magnetically, by reading the absorbance at 665 and 586 nm for MB and CV, respectively. The amount of dye adsorbed (mg g −1 ) by the adsorbents as a function of time (Q t ) and at equilibrium (Q e ) was estimated according to Eqs. 1 and 2 below:
where C o , C t and C e are the initial concentration, concentration at time t and equilibrium concentration (mg dm −3 ) of the dye, respectively, V is volume (dm −3 ) of the solution, and m is the mass (g) of the adsorbent.
(1)
Adsorption kinetics and isotherms studies
The kinetics of adsorption of the dyes onto the adsorbent were investigated by subjecting the data from time-dependent adsorption to pseudo-first-order (Ho and McKay 1999) and pseudo-second-order kinetics McKay 1998), Elovich kinetics (Elovich and Larionov 1962) and intraparticle diffusion (Weber and Morris 1963) models to describe the mechanism of the adsorption process. The mathematical expressions of these models (Eqs. 3-6) are presented in Table 1 . All data were analysed with nonlinear regression analysis method using a program written on MicroMath Scientist software (Salt Lake City, Utah, USA). Three error functions (Eqs. 7-9), the sum square error function (SSE), root mean square error (RMSE) and composite fractional error (HYBRD) were applied to confirm the kinetic models fitting (where N is the number of data and P is the number of parameters) along with the regression coefficient R 2 . The lower the values of SSE, RMSE and HYBRD errors and the higher the value of R 2 , the better the fitting of the model (Hanbali et al. 2014 ).
Adsorption equilibrium data were also subjected to the Langmuir (1916) , Freundlich (1906) , Tempkin and Pyzhev (1940) and Dubinin and Radushkevich (1947) isotherm models (represented by Eqs. 10-13). The isotherm parameters were obtained by the least square fit method as earlier mentioned. The mathematical expressions of these isotherm models (Eqs. 10-13) are presented in Table 2 .
Thermodynamic parameters
The thermodynamic parameters, ∆G°, ∆H° and ∆S°, explain the feasibility, spontaneity and the nature of adsorbate-adsorbent interactions during the adsorption process (Adeogun et al. 2016) . Their values were obtained from the temperature-dependent equilibrium study by viewing the process at equilibrium using the notation below:
The equilibrium constants in terms of the adsorbate (C e ), adsorbent dosage (m) and adsorbed quantity (Q e ) could be written as:
The van't Hoff plot (ln K D vs. 1/T) for the adsorption process gives the slope and intercept from which thermodynamic parameters were obtained.
Design of experiments
Experimental design of the adsorption process was achieved by response surface methodology (RSM). The Box-Behnken was selected for the optimization of the parameters
investigated for the adsorption of dyes; these include pH, dye initial concentration, adsorbent dosage and temperature. The adequacy of the employed model was ascertained using analysis of variance (ANOVA), while 3-D graphical analysis of the data was used to explain the interactions between the process variables and the response. The actual design was obtained using statistical software, Design-Expert V6.0.8 (Stat-Ease Inc., USA), with the factor set as shown in Table 3 .
Results and discussion
Characterization of the adsorbent SEM images of SH and MSH before and after adsorption are presented in Fig. 2a -c. Figure 2a reveals porous structure with large particle sizes characteristics of cellulosic materials. Figure 2b reveals a denser surface as a result of modification with iron oxide nanoparticles. The electrostatic interaction between the negatively charged oxygen atom of the cellulose hydroxyl groups of the cellulose and the positively charged Fe atom in the metal oxide along with condensation and hydrolysis reactions that accompany the addition of NH 4 OH results in the incorporation of the magnetic particles into the bulk of the cellulose (Luo et al. 2010) . After adsorption, the surface of the particle collapsed with a reduced pore Table 2 Isotherm models applied for the adsorption of studies of CV and MB Name Model
where Q eq and Q max are the amounts (mg g −1
) of dye adsorbed per unit mass of adsorbent and maximum adsorption capacity at equilibrium, respectively, C e is the equilibrium concentration of adsorbate, while b (L mg
where
) 1/n is a rough estimation of adsorption capacity of the adsorbent, 1/n is the adsorption intensity
) is the binding constant, and
) is related to the heat of adsorption Dubinin-Radushkevich
) is the saturation capacity, β (mol J) 2 is a constant relation to adsorption energy, while ε is related to the mean free energy of adsorption and given = RT * ln 1 + size (Fig. 2c) . The result of energy-dispersive X-ray (EDX) analysis further confirmed the incorporation of the magnetic particles, Fig. 3a shows that the sorghum husk is rich in carbon and oxygen, however, Fig. 3b , c shows the presence of Fe on the surface of the modified sample, and, however, Fig. 3c displays a reduced intensity possibly because of the adsorbed dye molecules interactions with adsorbent sites. The FTIR spectra of adsorbent before and after adsorption are shown in Fig. 4 . The broad bands around 3420 cm −1 in the spectra of the SH were slightly shifted to 3470 cm −1 in the MSH, and these peak were assigned to the intramolecular hydrogen bond due to the O-H group in the adsorbent. The peaks around 1700 cm −1 correspond to the C=O stretch. The absorption peak around 600 cm −1 noted in the MSH could be attributed to the characteristic absorption peak of Fe 3 O 4 (Schwertmann and Cornell 2008; Pereira and Alves 2012) indicating the stability of the magnetic components within the SH matrix. The effect of modification and adsorption is outlined in the circled area in the FTIR spectra, and the continuos circle displays the modification with Fe-O at around 510 cm −1 which is conspicuously missing in the raw sample, while the areas demarcated with dashed circle show the difference in adsorption of the dyes onto the adsorbent.
Effect of contact time
The removal of the dyes from aqueous solution depends on the initial dye concentration and contact time as shown in and there was a rapid removal of MB (Fig. 5a ) in the first 10 min and this was maintained for the next 20 min before the process continued steadily. Similarly, the removal of CV (Fig. 5b) progresses quickly for the first 20 min and this was sustained till equilibrium was established. Adsorption capacities at equilibrium increase from 2.45 to 11.81 mg g −1 for MB, while those of CV increase from 2.41 to 8.16 mg g −1 as their initial concentrations increase from 10 to 50 ppm.
Influence of pH on the removal of CV and MB by MSH
The influence of pH of the media on the adsorption process cannot be over-emphasized, especially dye removal. It affects the chemical properties of the dye solution, and also the surface charge of the adsorbent as well as interactions in the media depends on the pH (Ait Ahsaine et al. 2018).The removal efficiency of both dyes increases as the pH of the media increases as shown in Fig. 6 . The maximum removal efficiency of about 97% was obtained for the MB at pH 9, while that of CV was 95% at pH 8. At lower pH, the presence of H + , a cation which competes with dye molecules for the available adsorption sites, resulted in lower adsorption; however, as the pH increases, the competition for the available site reduces, while the interaction between the adsorbent and dye molecules increases leading to an increase in removal efficiency (Bestani et al. 2008 ).
Adsorbent dosage studies
The effect of adsorbent dosage on the removal efficiency of CV and MB by MSH is shown in Fig. 7 . As the adsorbent dosage increases from 0.05 to 0.4 g, the removal efficiency increases from observed that as the quantity of the adsorbent increased from 0.05 to 0.6 g, the removal efficiency increased from 95.9 to 98.6% for MB; on the other hand, that of CV increases from 96.4 to 98.4%. These increased efficiencies may be attributed to the increase in adsorption sites as the dosage increases, and the decrease in efficiencies noted with further increase in the adsorbent dosage resulted from particle interactions, including percolation which collapsed the active sites on the adsorbent (Raveendra et al. 2014; Kakavandi et al. 2016 ).
Effect of temperature
The effects of temperature on the removal efficiency of CV and MB were investigated between 30 and 50 °C. Figure 8 shows that adsorption capacities increase with increase in temperature due to increase in contact rates of dye molecules with the adsorbent as well as increase in diffusion rate into the pores of the adsorbent whose dimension also becomes enlarged with increased temperature leading to interaction of the dye molecules with the functional group within the adsorbent (Wong et al. 2007 ).
Adsorption kinetics
The understanding of the mechanism of adsorption is a function of elaborate analysis of the time-dependent adsorption data. The adsorption process is characterized by mechanisms such as chemical interactions between the adsorbent and adsorbate, diffusion or mass transfer of the adsorbate into and within the adsorbent or combination of these mechanisms, and hence, combinations of models are required to elucidate the mechanism of adsorption. The pseudo-first-order and pseudo-second-order kinetics as well as intraparticle diffusion and Elovich models were used to examine the kinetic of adsorption of MB and CV by MSH. The model fits for the MB and CV adsorption are shown in Figs. 8 and 9, while the parameters for these fits are presented in Tables 4 and 5 . The parameters of pseudo-first-order and pseudo-secondorder kinetics models presented in Table 4 and Figs. 9a, b and 10a, b showed that the models fitted the adsorption of MB and CV by MSH. The value of the regression coefficients R 2 for the models is > 0.99; however, taking the cognizance of the error function analyses and the closeness of the Q e determined experimentally with the theoretical values showed that the first-order kinetic model is much favoured, suggesting physical interactions between adsorbent and adsorbate. Similarly, the Elovich model fit (Figs. 9c, 10c ) agreed with the experimental data, the parameters (Table 5 ), showed that R 2 > 0.99, the values β el showed that the available site for adsorption decreases with increase in dye concentrations with increasing concentration of adsorbed quantity, α el . The positive values of these constants confirmed the sorption, and hence, Elovich model properly explained the initial kinetics of adsorption of the dyes onto the adsorbent as previously reported in the literature (Vassileva et al. 2013; Cheu et al. 2016) . The intraparticle diffusion model suggested multilinearity adsorptions, the two dyes adsorbed in a biphasic process as depicted in Figs. 8d and 9d , and the parameters (Table 5) showed that these phases are of nonzero intercept. These indicate that intraparticle diffusion is not the only rate-controlling step and that external mass transfer also has played an important role in the transfer of the dyes into the adsorbent (Maksin et al. 2012; Rathod et al. 2014) .
Adsorption isotherms models
Proper understanding of adsorption process basically depends on information obtainable from equilibrium adsorption. Interpretations of this information are critical to the overall improvement of adsorption mechanism pathways and effective design of adsorption system (El-Khaiary 2008). The adsorption isotherm model fits used to investigate the adsorption of MB and CV onto MSH are presented in Fig. 11a and b, and the parameters are shown in Table 6 .
The isotherm parameters revealed that the entire isotherm model investigated here fits the data very well with R 2 in the order of Langmuir > Freundlich > Dubinin-Radushkevich > Tempkin for MB, while the order is Langmuir = Tempkin > Freundlich > Dubinin-Radushkevich for CV. This suggested a monolayer adsorption of the dyes onto the adsorbent with maximum adsorption capacities of 30.04 and 18.78 mg g −1 for MB and CV, respectively. The R L values < 1 indicate a favourable adsorption. Freundlich parameters indicate the heterogeneity nature of the surface of adsorbent, and the 1/n values of < 1 indicate a normal Langmuir isotherm, otherwise cooperative adsorption (El-Sayed 2011). The Tempkin isotherm parameters and the R 2 values showed favourable fits for the dyes, and this implies that adsorption process is characterized by uniform distribution of binding energies. These isotherms do not described the saturation behaviour, hence the investigation with Dubinin-Radushkevich. From the table, the saturation 
Adsorption statistical optimization studies
The interactions and significance of the independent variables were tested statistically by optimization studies using the experimental data, based on the Box-Behnken matrix in Table 8 . The experimental results were used to optimize the process, and the combined effects of two parameters on the dyes removal efficiency were represented by the response surface and contour plots using Design-Expert 6.0 software (Stat-Ease Inc. Minneapolis, USA).
The significance of the model including the terms in the equation was determined from the analysis of variance (ANOVA) using parameters such as the F-test, p value and the sum of squares, and the results are presented in Table 9 . The higher F-values obtained for the dyes show that models are significant with p-values of < 0.0001 indicating that the contribution of the obtained values is insignificant. For the removal of the CV, adsorbent dosage was found to be more significant, while temperature is the most significant for the removal of MB among all the parameters given their highest sum of a square and F-test values, respectively (Dhawane et al. 2016 ). However, the combined effect of pH and adsorbent dosage on removal efficiency was dominant among all the possible combinations for both dyes, whereas dye concentration was the most dominants of the squared term. The non-significance obtained from the lack of fit value implied the perfect fit of experimental data in the chosen quadratic model. The correlation coefficients were estimated for the accuracy of experimental results as shown in Table 10 , and the predicted R 2 and adjusted R 2 were in reasonable agreement with each other which implied that the variation of the mean and capability of the model to predict the response was in the acceptable range. Adequate precision measures the signal-to-noise ratio and the desirable ratio is 4, and the ratio of 16.12 and 22.94 obtained for CV and MB removal, respectively, indicates an adequate signal. The models obtained therefore can be used to navigate the design space. Considering all the significant terms, the fitted equations were obtained through regression analysis as shown below. The response surface plots shown in Figs. 12 and 13a-f depict the effect of interactions of the factors on the on removal efficiency of CV and MB by the adsorbent. The maximum CV removal efficiency of 90.73% was observed within the range of pH 2 and 11 at 50 °C, lowering temperature below which the removal efficiency reduces (Fig. 12a) . The combined effect of pH and adsorbent dosage (Fig. 12b) showed that the simultaneous increase in both factors led to an increase in removal efficiency from 78.9 to 95.2%. The effects pH and initial dye concentration shown in Fig. 12c indicate that increase in pH with dye concentration raised the efficiency by 10%. Removal efficiency decreases from 90.8 to 78.31% as the adsorbent dosage decreases with temperature initially at 50 °C (Fig. 12d) . The combined effect of concentration and temperature (Fig. 12e) showed an initial decrease in efficiency as the concentration increases between 10 and 30 mg dm −3 , and further increase in concentration with temperature raised the efficiency to 89.6% from around 82%. Simultaneous increases in the initial dye concentration with adsorbent dosage increase the removal efficiency from 81.6 to 94.8% (Fig. 12f) . Similarly, the surface plot of combined effects of the factors is shown in Fig. 13a-f , and the figures depicted similar increase in removal efficiency of MB by the adsorbent. Compared with other combinations, the maximum removal efficiency of 98.7% was noted when concentration and temperature were simultaneously increased. The experimental data were analysed to optimize the removal of CV and MB by selection of goal of each parameter. Targeting the maximum removal efficiency is of with higher importance, hence all parameters were chosen in range within the goal. At 
Adsorption thermodynamic study
The van't Hoff plot for the removal of CV and MB by MSH is shown in Fig. 14 , while the thermodynamics parameters are presented in Table 10 .
The thermodynamic parameters (Table 11 ) obtained for the dyes revealed that the enthalpies of the adsorption, ΔH°, are positive, connoting increase in adsorption efficiency with increase in process temperature while the positive values of entropies, ΔS°, indicated that there was an affinity between the dyes molecules and adsorbents surfaces and that the degree of dispersion of the process increased with increase in temperature. The spontaneity of the adsorption of CR by the adsorbents was revealed by the negative Gibbs free energy (ΔG) values obtained at various temperatures suggesting favourable adsorption of CR by the adsorbents at higher temperature (Adeogun et al. 2018 ). 
Conclusion
Magnetic tuned biosorbent (MSH) from sorghum husk biomass was successfully prepared and used as adsorbent for the removal of CV and MB from aqueous solution. The batch adsorption processes for the dyes removal are contact time, initial pollutant concentration, solution pH, adsorbent dosage and temperature dependent. The kinetics of adsorption of the dyes were best explained with pseudo-first-order kinetics, while adsorption Langmuir isotherm model fitted the equilibrium data with monolayer capacity of 30.13 and 15.33 mg g −1 for MB and CV, respectively. The statistical analysis showed that the predicted models are suitable for the prediction of the adsorption process with R 2 > 0.9 for the two dyes. The thermodynamic parameters proved that the adsorption process is feasible, spontaneous, endothermic and random in nature. The study indicates that magnetic supported sorghum husk is a promising adsorbent for the adsorption of methylene blue and crystal violet dyes from aqueous solution.
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